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Genome instabilityThe Cks or Suc1 proteins are highly conserved small proteins that play remarkably diverse roles in the cell
cycle. All Cks homologues have the ability to associate with Cyclin dependent kinases (Cdks) and in many
cases this interaction has been shown to be important for function. Here we characterize the null and RNAi
knockdown phenotype of the Drosophila Cks1 (Cks85A) gene. Cks85A is essential for viability in Drosophila.
Cks85A null animals have reduced overall growth and this correlates with reduced ploidy and impaired DNA
replication in endoreplicating cells. Interestingly, Cks85A is also required for the maintenance of diploidy in
mitotically cycling cells. The requirement for Cks85A in growth is similar to that of the mammalian Cks1,
which was found to interact with the SCFSkp2 ubiquitin ligase. We identiﬁed the Drosophila Skp2 gene and
generated null alleles. Comparison of these mutants to null mutants for Cks85A reveals a remarkably similar
dual requirement in growth and in maintenance of diploidy. We ﬁnd that Cks85A interacts directly with the
SCFSkp2 ubiquitin ligase and genetic evidence indicates that this is its major molecular function. The closely
related Cks30A cannot interact with the SCFSkp2 and cannot functionally compensate for loss of Cks85A. We
also ﬁnd that the critical growth promoting and diploidy maintaining functions of Cks85A and Skp2 are
independent of known SCFSkp2 substrates, p27 and Cdt1, indicating that other critical substrates remain to be
identiﬁed.l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
The small Cdk subunit, Cks or suc1 was ﬁrst identiﬁed on the basis
of a genetic and physical interaction with the Cyclin dependent kinase
(Cdk) in ﬁssion yeast and budding yeast (Pines, 1996). In addition to a
completely conserved Cdk interacting region, all Cks proteins have an
anion binding domain that appears to allow interaction with
phosphoepitopes. All metazoans studied to date have two Cks
proteins (Cks1 and Cks2 in mammals) that appear to have both
distinct and redundant functions. Xenopus Xe-p9, mammalian Cks2
and Drosophila Cks30A are necessary for meiosis, and are necessary
for both entry into and exit from meiosis (Patra and Dunphy, 1998;
Spruck et al., 2003; Swan et al., 2005) (Pearson et al., 2005). The
anaphase role appears to involve the recruitment of cyclin–Cdk
complexes to the Anaphase Promoting Complex (APC) to promote
either or both APC phosphorylation by the Cdk or cyclin ubiquitina-
tion by the APC (Patra and Dunphy, 1998) (Wolthuis et al., 2008). In
vitro studies in the murine model indicate that in addition to this
meiotic role, Cks2 functions redundantly with Cks1 in the entry intomitosis. Surprisingly, this appears to reﬂect a role in transcription —
speciﬁcally of mitotic cyclins and Cdk1 (Martinsson-Ahlzen et al.,
2008).
Studies of mammalian Cks1 revealed yet another novel role for Cks
proteins, as part of the SCFSkp2 ubiquitin ligase. SCFSkp2 is important
for the ubiquitination and proteasome-mediated destruction of a
number of proteins, many of which have key roles in S-phase
regulation (Nakayama and Nakayama, 2006). Cks1 interacts with
Skp2 and is required for the recognition of a critical SCFSkp2 substrate,
the Cdk inhibitor p27 (Ganoth et al., 2001; Spruck et al., 2001). Cks1
knockout in the mouse results in reduced growth and elevated p27
levels (Spruck et al., 2001), and these phenotypes are also observed
upon Skp2 knockout (Nakayama et al., 2000).
While in vitro studies and the shared phenotypes suggest a close
functional relationship between Cks1 and Skp2, it remains unclear to
what degree Cks1 is necessary for the targeting of SCFSkp2 substrates
other than p27. It is also not known to what degree Cks1 functions
independent of SCFSkp2 and to what extent it is redundant with its
close homologue, Cks2.
Here we present the characterization of the Drosophila Cks85A
gene. We ﬁnd that Cks85A is required for growth and for the
maintenance of diploidy. Cks85A is the Drosophila Cks1 orthologue,
and interacts with Skp2 as part of the SCFSkp2 complex. Using genetic
and biochemical approaches, we determine the relationship in vivo
between Cks85A and Skp2, and between Cks85A and the other
Drosophila Cks protein, Cks30A.
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Fly strains and genetics
Cks85A and Cks30A null mutants as well as transgenic UAS-Flag-
Cks85A and UAS-Flag-Cks30A were described previously (Swan et al.,
2005). UAS-HA-Skp2was made by PCR cloning the coding sequence of
Skp2 (CG9772) from the cDNA clone RE15215 into a pUASp vector
containing two copies of the HA tag in frame at the 5 prime end. This
Skp2 transgene can rescue the lethality of Skp2ex9 (AS, unpublished).
The deﬁciency, Df(3R)BSC197 was used to create hemizygous Cks85A
individuals in some experiments and this gave identical phenotypes
to Cks85Aex15 homozygotes. Similarly, Df(3R)Exel6140 was used to
create Skp2 hemizygous individuals. Skp2ex9/Df(3R)Exel6140 ﬂies had
identical phenotypes to Skp2ex9 homozygous ﬂies (data not shown).
Cks85Aex15 clones in the female germline were generated using the
dominant female sterile FLP/FRT-ovoD method, using stocks obtained
from Bloomington stock center. UAS-RNAi lines, Cks85AKK101277 and
Cks85AGD23702, Skp2GD15636 and Skp2KK2101487 were obtained from
VDRC (Austria). An isogenic yw stock serves as a control in many
experiments. All other stocks were obtained from the Bloomington
stock center.
Generation of Skp2ex9
To generate a null allele of Skp2 we screened by PCR for imprecise
excisions of P{EPgy2}CG1103EY00567, a viable P-element insertion
approximately 300 bp upstream of the Skp2 open reading frame. We
identiﬁed a single excision line, Skp2ex9 that disrupts the Skp2 gene
and causes late larval lethality. Sequencing revealed a deletion that
results in loss of putative promoter sequences and 62% of the coding
sequence including the essential F-box sequence and most of the ﬁrstFig. 1. Cks85A and Skp2 are required for growth and endoreplication. A–C) Representativewild
time point, wild type are at thewandering 3rd instar stagewhile Cks85A and Skp2 null larvae ar
wild type larvaeat this time-point (seeMethods).D–F)TerminalphenotypeofD)Cks85Aex15/ex15
and Skp2 null mutants arrest shortly after pupariation (D,E). Overexpression of Skp2 partially
labeled with Oligreen (green) and Edu (magenta and in grayscale in G′–H′) following a 1 hou
glands are signiﬁcantly smaller and have less nuclei undergoingDNA replication compared to co
overall number, and this is statistically signiﬁcant for Skp2. The number of cells in S-phase is sign
from salivary glands taken fromwandering 3rd instar larvae that have completed endoreplicat
Skp2ex9/ex9 (M). N–P) Salivary glands fromwandering 3rd instar ptc-Gal4/+ control (N) ptc-Gal
DNA. Knockdown of Cks85A or Skp2 results in reduced salivary gland growth. Scale bar in G=1
applies to M–O.LRR repeat. Therefore Skp2ex9 is a null allele. The lethality of Skp2ex9
could be fully rescued by the expression of UAS-HA-Skp2 transgene
under control of the ubiquitous da-Gal4 driver, indicating that the
lethal phenotype is due to the loss of Skp2 activity.
Growth measurements
To obtain synchronized larvae for determining growth, larvae that
hatched within a one hour period were collected and allowed to
continue development for 4 more days for a total 5 days after egg lay
(AEL). Larval size was estimated by an area measurement performed
on brightﬁeld images taken using an Olympus Fluoview 1000, using
the analysis software included in the program. A minimum of 12 and
average of 16 larvae were measured for each genotype. Representa-
tive examples are shown in Figs. 1A–C. Whole salivary glands in Fig. 1
were taken from feeding 3rd instar larvae (4 days AEL for wild type
and 5 days AEL for Cks85A and Skp2). The salivary gland nuclei in
Figs. 1J–L are from wandering 3rd instar larvae (5 days AEL for wild
type and 6 days AEL for Cks85A and Skp2).
Cytology, immunostaining
Imaginal discs and brains were taken from wandering 3rd instar
larvae staged as described above, ﬁxed in 3.7% formaldehyde in PBS
plus 0.2% Tween. For antibody staining, blocking was performed for
1 h in PBST plus 1% BSA. For Edu labeling of S-phase cells, salivary
glands were taken from feeding 3rd instar larvae, ﬁxed as above after
1 hour incubation in Schneider's medium plus Edu (Invitrogen). DNA
was detected with Oligreen or Propidium Iodide. Apoptosis was
detected by incubation in Acridine Orange at 10 μM followed by live
imaging, or by antibody staining with rabbit α-Cleaved Caspase 3
(Cell Signaling) at 1/250. Colchicine treatment and preparation oftype (A), Cks85Aex15/ex15 (B), and Skp2ex9/ex9 (C) larvae at 5 days After Egg Lay (AEL). At this
e at feeding 3rd instar. Cks85A and Skp2 null larvae respectively are 66% and 67% the size of
, E) Skp2ex9/ex9, F)UAS-HASkp2/UAS-HASkp2;da-Gal4,Cks85Aex15/da-Gal4,Cks85Aex15.Cks85A
rescues Cks85Aex15 lethality (F). G–I) Salivary glands taken from feeding 3rd instar larvae
r Edu incorporation. Cks85Aex15/Df(3R)BSC197 (H) and Skp2ex9/Df(3R)Exel6140 (I) salivary
ntrols (G). J) Quantiﬁcation of cell number per salivary gland indicates a slight reduction in
iﬁcantly less in Cks85A and Skp2mutants compared to controls. (*— pb .05). K–M)Nuclei
ion cycles. Wild type nuclei (K) reach signiﬁcantly higher ploidy than Cks85Aex15/ex15 (L) or
4/UAS-Cks85AGD23702 (O) and ptc-Gal4/UAS-Skp2GD15636 (P), labeled with Oligreen to detect
00 μmapplies to G–I. Scale bar in K=5 μmand applies to J–L. Scale bar in N=100 μm and
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Mitotic indexes were determined as the percent of total cells in
mitosis, and were derived from counting 600 to 800 cells per
genotype and treatment. Polyploidy index was determined as the
percent of mitotic cells that were polyploid — combining colchicine
treated and untreated cells.
Flow cytometry
10 to 20 imaginal discs were dissected out of wandering 3rd instar
larvae and dissociated in Schneider's media containing Trypsin and
Propidium Iodide. Following dissociation, formaldehyde was added to
4% and cells were ﬁxed for 20 min. Cells were pelleted at low speed and
resuspended in PBST. Following onemorewash, cells were subjected to
ﬂow cytometry using a Becton Dickinson Flow Cytometer. For each
experiment, wild type discs andmutant discs were analyzed in parallel.
Each experimental condition was measured 3 times with over 50,000
cells per run and the combined results are shown in Fig. 4B. The
individual plots shown are representative examples.
Coimmunoprecipitations and westerns
Coimmunoprecipitations (CoIPs) were performed on 0 to 4 hour
embryos collected from female ﬂies expressing UAS-HA-Skp2 and
either UAS-Flag-Cks30A or UAS-Flag-Cks85A under the control of the
maternal nos-Gal4 driver. IPs were performed using α-FlagM2-
Agarose beads (Sigma) or α-HA-Agarose beads (Roche) as in Swan
et al.(2005). Western blots were probed with rat α-HA at 1/1000
(Roche), mouse α-FlagM5 (Sigma) at 1/100, rabbit α-PSTAIR (Santa
Cruz) at 1/1000, rabbitα-Cdk2 (Knoblich et al., 1994) at 1/1000 rabbit
α-SkpA (Murphy, 2003) at 1/100, mouse α-Actin (Developmental
Studies Hybridoma Bank) at 1/20, rabbit anti-Dap at 1/1000 (Lane
et al., 1996) rabbit α-Dup (Whittaker et al., 2000) at 1/500 or rabbit
α-Dup (from Michael Botchan) at 1/500.
Results
Drosophila Cks85A is necessary for growth and the maintenance of
diploidy
We previously reported the generation of null alleles of the two
Drosophila Cks genes, Cks30A and Cks85A (Swan et al., 2005). Cks30A
is essential for the activity of the Anaphase Promoting Complex (APC)
in female meiosis but is dispensable in somatic cells (Pearson et al.,
2005; Swan et al., 2005; Swan and Schupbach, 2007). In contrast,
Cks85A is not required for female meiosis but is essential for viability
(Swan et al., 2005). Flies homozygous or hemizygous for the null
allele, Cks85Aex15, are lethal and this lethality is rescued by the
ubiquitous expression of a UAS-Flag-Cks85A transgene using the da-
Gal4 driver (Swan et al., 2005). Cks85Aex15 larvae develop slower than
wild type (Figs. 1A,B) and following an extended 3rd instar they die
after pupariation, prior to the differentiation of adult structures
(Fig. 1D).
Drosophila larval growth occurs largely in the absence of cell
division. Late in embryogenesis most cells exit the cell cycle and
eventually enter into an endocycle in which cells undergo regular
rounds of S-phase without mitosis, increasing in size as they increase
in ploidy. To assay growth in endoreplicating tissues we focused on
the salivary glands. Cells that make up the salivary gland start
endoreplicating late in embryogenesis and by the cessation of growth
at the wandering 3rd instar stage eventually reach a ploidy of up to
2048EC (Lee and Orr-Weaver, 2003). Salivary glands are signiﬁcantly
smaller in Cks85Aex15 relative to wild type (Figs. 1G,H). Reduced
overall size can be partially attributed to fewer cells per salivary gland
(Fig. 1J). However, the major contributor to reduced overall growth
appears to be a failure in the endoreplication cycles: the frequency ofcells in S-phase in feeding 3rd instar Cks85Aex15 larvae is signiﬁcantly
lower than that of wild type controls (Figs. 1G,H,J). Correspondingly,
the ploidy observed in wandering 3rd instar larvae (after termination
of the endoreplication program) is reduced in Cks85Aex15 compared to
wild type (Figs. 1K,L).
To independently establish the effect of Cks85A loss, we determined
the phenotype resulting fromRNAi-mediated knockdown.We obtained
two UAS-RNAi lines from a genome-wide RNAi library (Dietzl et al.,
2007), and crossed these to the ptc-Gal4 driver to induce knockdown in
salivary glands. One of these lines, UAS-RNAi-Cks85AGD23702 produced a
reduction in salivary gland size and nuclear size relative to controls
(Figs. 1N,O), similar to the phenotype observed in Cks85Aex15. Results
presented below (Fig. 4) further support the conclusion that UAS-RNAi-
Cks85AGD23702 affects a partial loss of Cks85A activity.
While most cells in Drosophila cease mitotic divisions late in
embryogenesis and enter into an endoreplication cycle, cells of the
larval brain continue to undergo canonical mitotic divisions through-
out larval development. Upon examination of whole mount brains
from Cks85Aex15 ﬂies labeled for DNA, we ﬁrst noticed that the regular
patterning of cells, particularly apparent in the optic lobes, was
disrupted (Figs. 2A,B). Further, Cks85Aex15 brains appear smaller than
those of controls at equivalent times after egg laying (Figs. 2A,B),
suggesting that Cks85A is important for growth inmitotically dividing
cells as well as in endoreplicating cells. Strikingly, despite reduced
overall growth, it appeared that some cells within brains from
Cks85Aex15 appear larger than in wild type brains (arrow in Fig. 2B). To
conﬁrm that these large nuclei correspond to polyploid cells we
prepared squashes of untreated and colchicine treated larval brains to
directly observe mitotic chromosomes. In wild type, the full
chromosome complement (two major autosomes, the sex chromo-
some pair and the dot-like 4th chromosomes) can be clearly observed
(Fig. 2D) in approximately 1% of squashed nuclei. This frequency goes
up to 2.5% upon colchicine-induced activation of the spindle assembly
checkpoint (Fig. 2H). Similar frequencies of mitotic cells are observed
in Cks85Aex15, indicating that mutant cells are able to enter into
mitosis and arrest in response to SAC activation (Fig. 2H). A small
percentage, (approximately 6% of these cells) have an exact doubling
of chromosome number (Figs. 2E,H). Even more rarely, (less than 1%
of mitotic cells), higher ploidy is observed (Fig. 2F).
The imaginal discs, like the brain, are composed of cells that
continue to divide throughout larval development. The eye imaginal
disc undergoes a wave of differentiation during the 3rd instar, marked
by the passing of a morphogenetic furrow (MF) (Fig. 3A). Cells enter
into G1 arrest in the MF and a subset of these cells divides once more
just posterior to the MF before undergoing terminal differentiation.
Eye imaginal discs taken from Cks85Aex15 wandering 3rd instar larvae
contain enlarged, apparently polyploid nuclei speciﬁcally anterior to
the MF (Fig. 3B). Cells that exit the cell cycle posterior to the MF
appear similar to those in controls. Importantly, the expression of
UAS-Flag-Cks85A under control of the ubiquitous da-Gal4 driver
rescues this phenotype (Fig. 3C), indicating that polyploidy is
speciﬁcally due to the loss of Cks85A.
Todirectly assessDNAcontent of cells in imaginal discsweperformed
ﬂowcytometry on cells dissociated fromwing imaginal discs ofwild type
andCks85Aex15 larvae.Wenoticed that thedegreeof polyploidy inwhole-
mount preparations of brains and eye imaginal discs appeared to be
temperature dependent (see Figs. 3B,H). We therefore performed ﬂow
cytometry on wing imaginal discs from ﬂies raised at 18 °C, 25 °C and
29 °C to verify this observation. In all cases newly wandering 3rd instar
larvae were taken to ensure that developmental stage was constant
across different genotypes and rearing temperatures. Examination of
DNA content in cells from wild type wing imaginal discs revealed a
distribution over two peaks corresponding to 2n (G1 cells) and 4n DNA
content (G2/M) (Figs. 4A,B). This distribution did not change across the 3
different rearing temperatures (Fig. 4B). In Cks85A there is a distinct 8n
peak in addition to 2n and 4n. This tetraploid population is more
Fig. 2. Loss of Cks85A and Skp2 results in polyploidy in brains. A–C) Central brain and optic lobes of 3rd instar larvae labeled with Oligreen to detect DNA. A) yw control brain/optic
lobe. B) Cks85Aex15/ex15 and (C) Skp2ex9/ex9 brains are smaller and have larger cells. D–G) Mitotic spreads from 3rd instar brains labeled with Oligreen. Mitotic Indexes (MI) are
indicated for untreated and colchicine treated brains. D) yw control. E) Cks85Aex15/ex15 and (G) Skp2ex9/ex9 cellswith tetraploid DNA content. F)Highly polyploid cell from Cks85Aex15/ex15. H)
Mitotic and polyploidy indexes (see Methods) from untreated and from Colchicine treated brains. The total number of polyploid cells counted was very low and as a result the standard
deviations are very high and the difference between Cks85A and Skp2 are not statistically signiﬁcant. Scale bar in A=20 μmand applies to A–C. Scale bar in D=10 μmand applies to D–G.
216 M. Ghorbani et al. / Developmental Biology 358 (2011) 213–223prominent at higher temperatures (Figs. 4A,B). A small but reproducible
peak corresponding to 16n cells also appears at 29 °C (Fig. 4A). Therefore
Cks85A is essential for the maintenance of diploidy in Drosophila in a
temperature-dependent manner. We note that Cks85Aex15 is a null allele
and that the temperature sensitivity is therefore not allele speciﬁc but
must reﬂect a greater requirement for Cks85A activity at elevated
temperatures.
Flow cytometry on Cks85A mutant wing imaginal discs identiﬁed a
population of cells with less than 2n (sub G1) DNA content (Figs. 4A,B),
possibly indicative of dying cells. To directly assay for cell death we
incubated wing imaginal discs with Acridine Orange, a dye that labels
DNA in dying cells but that cannot enter viable cells. Acridine orange is
largely excluded fromcells inwild typewing imaginal discs (Fig. 4C) but
labelsmanynuclei inCks85Aex15, indicatingahigh incidenceof cell death
in these mutants (Fig. 4D). Immunolabeling for cleaved Caspase 3
reveals elevated caspase activation in Cks85Aex15 discs (Figs. 4F,G) and
this can be partially suppressed by the expression of baculovirus
apoptosis inhibitor p35 (Fig. 4H). Therefore, cells that have lost Cks85A
undergo apoptosis, possibly as a response to genomic instability.
Two ﬁndings argue that the polyploidy observed in Cks85Aex15
animals is due speciﬁcally to the loss of Cks85A: ﬁrst, mutant
phenotypes are the same in Cks85Aex15 homozygous and Cks85Aex15
over a small deﬁciency (data not shown), and second, these
phenotypes can be rescued by the expression of a Cks85A cDNAtransgene (Fig. 3). To further verify the requirement for Cks85A in
maintaining diploidy, we determined the effect of RNAi against
Cks85A. We used en-Gal4 in combination with the UAS-RNAi line
Cks85AGD23702 to speciﬁcally knock down Cks85A in the posterior half
of the wing. To maximize any possible knockdown phenotype, ﬂies
were raised at 29 °C (based on the ﬁnding that Cks85A null
phenotypes are more pronounced at higher temperatures and that
Gal4/UAS mediated expression is typically temperature dependent).
To further maximize any possible effect of knockdown we removed
one endogenous copy of Cks85A. Under these conditions (and only if
both conditions were applied), the knockdown of Cks85A resulted in
an increase in wing hair spacing in the posterior part of the wing
(Figs. 4I,J and data not shown). Each cell of the pupal wing generates a
single wing hair and as such, increased spacing between the wing
hairs can be indicative of polyploidy and consequent increased cell
size. We conclude from our analysis of null mutants and from RNAi-
mediated knockdown, that Cks85A is necessary for the maintenance
of diploidy in Drosophila.
Cks85A and Cks30A have non-overlapping roles in cell cycle control
The two Drosophila Cks proteins, Cks30A and Cks85A, share 61%
identity in their predicted amino acid sequences, with Cks85A having
an additional 21 amino acids at the C-terminus (Swan et al., 2005).
Fig. 3. Cks85A and Skp2 are required to maintain diploidy in mitotically active but not differentiated cells. Oligreen labeled eye imaginal discs from wandering 3rd instar larvae. All
images are arranged withMorphogenic Furrow (MF) in themiddle, differentiating cells posterior to the furrow at the left and asynchronously dividing cells anterior to the MF on the
right. A) Wild type eyes have equally sized nuclei on both sides of the MF. B) In Cks85Aex15/ex15 eye imaginal discs differentiated cells posterior to the MF appear normal but cells
anterior to the MF have larger nuclei. C) UAS-Flag-Cks85A; Cks85Aex15/da-Gal4,Cks85Aex15 eye disc. Expression of Flag-Cks85A rescues the polyploidy of Cks85Aex15. D) Skp2ex9/ex9 eye
imaginal discs display pronounced polyploidy anterior to the MF. E) UAS-HA-Skp2; da-Gal4,Skp2ex9/Skp2ex9 eye imaginal disc. Transgenic expression of HA-Skp2 rescues the
polyploidy of Skp2ex9. F) Skp2ex9/+, Cks85Aex15/ex15 eye imaginal discs fromwandering a 3rd instar larva. Loss of one copy of Skp2 enhances the Cks85A null phenotype (compare to B).
G) Skp2ex9, Cks85Aex15 double homozygous larvae display a phenotype similar to that observed in Skp2ex9 alone (compare to D). H) Cks85Aex15 raised at 29 °C displays a strong
polyploidy posterior to the MF. This polyploidy is rescued by overexpression of HA-Skp2. Scale bar in A=5 μm and applies to all panels.
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have overlapping or redundant functions, as has been observed for the
mammalian paralogues (Donovan and Reed, 2003; Martinsson-
Ahlzen et al., 2008). To determine if Cks30A has a role in the
maintenance of diploidy we examined eye imaginal discs from
animals null for Cks30A. Cks30AKO homozygous ﬂies (Swan et al.,
2005) are viable and eye imaginal discs taken from late 3rd instar
larvae display no detectable polyploidy (Fig. 5A— compare to Fig. 3A).
While Cks30A is not required on its own it is possible that it plays a
partially redundant role with Cks85A. To test this possibility we
created double mutants to see if loss of both Cks genes results in a
more severe polyploidy than loss of Cks85A alone. While Cks85Aex15
eyes display clear polyploidy (Fig. 5B and see also Fig. 3B), Cks85A,
Cks30A double mutants have no detectable polyploidy at this stage of
development (Fig. 5C). Therefore, rather than enhancing the Cks85A
null phenotype, Cks30AKO appears to suppress it. We also tested if the
overexpression of Cks30A can rescue the polyploidy resulting from
Cks85A loss. da-Gal4, UAS-Flag-Cks30A fails to rescue the polyploidy of
Cks85Aex15 eye imaginal discs (Fig. 5D). We conclude that Cks30A
cannot functionally replace and in fact may functionally antagonize
Cks85A.
It is interesting that Cks85A has an apparently essential role in the
maintenance of diploidy, but that null animals complete embryogen-
esis and survive to pupariation (Fig. 1D). The results presented above
demonstrate that the apparent non-essentiality of Cks85A early in
development cannot be due to earlier redundancy with Cks30A. An
alternative possibility is that Cks85A mRNA or protein is maternally
deposited in the egg and is sufﬁcient to rescue any early requirement.
To test this possibility we generated germline+zygotic null Cks85Amutants using the FRT/ovoD germline clone method. We ﬁrst noted
that Cks85A heterozygous ﬂies from germline homozygous females
are viable and appear phenotypically normal (data not shown),
indicating that maternal Cks85A is not essential. Furthermore, Cks85A
maternal/zygotic homozygous null larvae survive to the larval/pupal
transition and display the same onset and degree of polyploidy as
maternally rescued larvae raised in parallel (Figs. 5E,F). We conclude
that Cks85A is required for the maintenance of diploidy, speciﬁcally
late in larval development, and has no essential role in this respect in
the embryo or early larva.
Cks85A physically associates with SCFSkp2 and cyclin-Cdk complexes
The requirement for Cks85A in growth suggested that Cks85A
could be the orthologue of the mouse Cks1 gene. Cks1 is not essential
for viability in mice but it is required for growth (Spruck et al., 2001).
Cks1 physically associates with the F-box protein Skp2 and is
necessary for the SCFSkp2 dependent destruction of the Cdk inhibitor,
p27 (Ganoth et al., 2001; Spruck et al., 2001). The mouse Skp2, like
Cks1 is required for growth and interestingly, it is also required for the
maintenance of diploidy in some cell types (Nakayama et al., 2000).
These similarities lead us to examine the possibility that Cks85A is a
component of the Drosophila SCFSkp2 ubiquitin ligase complex. We
therefore assayed for direct physical association of Cks85A and Skp2
in Drosophila. The closest homologue to Skp2 in the Drosophila
genome, CG9772, encodes a predicted protein with 23% identity and
41% similarity to the human Skp2 (Figs. 6A,B). If comparison is limited
to the sequence starting at amino acid 94 of the human Skp2,
composed mainly of the F-box and 8 LRR domains, the human Skp2
Fig. 4. Polyploidy and apoptosis in Cks85A and Skp2 mutant wing imaginal discs. A,B) Flow cytometry on cells from 3rd instar wing imaginal discs reveals a distinct 8 C peak in
Cks85Aex15/ex15 that increases with temperature, and in Skp2ex9/ex9, independent of temperature. A sub-G1 peak indicative of cell death is also apparent in Cks85A and Skp2mutants
but not in wild type. Values in (B) are percentages averaged from 3 experiments. C–E) Acridine Orange staining of wild type (C), Cks85Aex15/ex15 (D), and Skp2ex9/ex9 (E) wing imaginal
discs. Extensive cell death is observed in Cks85A and to a greater extent, in Skp2mutants. F–H) Cleaved-Caspase 3 labeling (green) of wild type (F), Cks85Aex15/ex15 (G) and en-Gal4/
UAS-p35; Cks85Aex15/ex15 (H). Extensive apoptosis is present in Cks85Amutants and is suppressed by the posterior-speciﬁc expression of the apoptosis inhibitor p35 (detected by co
expressed Beta-Galactosidase-red in H). I–K) Adult wings fromwild type (I), en-gal4/UAS-RNAi-Cks85AGD23702; Cks85Aex15/+ raised at 29 °C (J), and en-gal4/UAS-RNAi-Skp2GD15636 (K).
En-gal4mediated knockdown of Cks85A and Skp2 leads to increased wing hair spacing. En-gal4 is expected to produce knockdown in the entire posterior domain (indicated by bar in
J,K) but curiously, wing hair spacing is only weakly affected near the A/P border in both Cks85A and Skp2 knockdown. Scale bar in C=50 μm and applies to C–H.
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sequence conservation and from the biochemical and genetic
evidence presented below that CG9772 encodes the Drosophila Skp2
gene.
To test for physical interaction between Skp2 and Cks85A we
generated a transgene consisting of the HA-epitope fused to Skp2cDNA and under control of Gal4. UAS-HA-Skp2was co-expressed with
UAS-Flag-Cks85A in Drosophila embryos using the nos-Gal4 driver. We
then performed immunoprecipitations (IPs) with either anti-Flag or
anti-HA antibody beads. Flag-Cks85A and HA-Skp2 were able to coIP
each other, indicating that the two proteins interact in vivo (Fig. 6C-
lanes 3,6). Further, Flag-Cks85A and HA-Skp2 could coIP the SCF
Fig. 5. Cks85A and Cks30A have distinct and antagonistic activities. Eye imaginal discs
taken from wandering 3rd instar larvae labeled for DNA and displayed with MF in the
center and anterior on the right. A) Cks30AKO/KO eyes have no detectable polyploidy. B)
Cks85Aex15/ex15 displays polyploidy anterior to the MF. (C) Cks30AKO/KO suppresses the
polyploidy of Cks85Aex15/ex15. D) da-Gal4 driven expression of UAS-Flag-Cks30A does not
suppress the polyploidy of Cks85Aex15/ex15. E) Cks85Aex15/ex15 zygotic null animals
display polyploidy in late 3rd instar imaginal discs (as in B). F) Loss of maternal Cks85A
does not enhance this phenotype. Scale bar in A=5 μm and applies to all panels.
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with SCFSkp2 in Drosophila.
To determine if the other Drosophila Cks, Cks30A also physically
interacts with SCFSkp2 we co-expressed Flag-Cks30A with HA-Skp2
and then IPd either Flag-Cks30A or HA-Skp2. We ﬁnd that Cks30A, in
contrast to Cks85A, does not interact with Skp2 or SkpA (Fig. 6C-lanes
2, 5). This inability of Flag-Cks30A to interact with SCFSkp2 may
explain its inability to functionally compensate for the loss of Cks85A
(Fig. 5 and Swan et al., 2005).
Cks was ﬁrst identiﬁed as a subunit of the Cyclin dependent
kinases (reviewed in Pines(1996), and we previously showed that
Drosophila Cks85A shares this conserved ability to interact with Cdk2
as well as Cdk1 and its cyclin partners A, B and B3 (Swan et al., 2005)
(Fig. 6). HA-Skp2 also associates with Cdk1 and Cdk2 (Fig. 6-lanes
5,6). Therefore Cdk1 and Cdk2 can associate with SCFSkp2, possibly
with Cks85A forming the link between the Cdk and SCF complexes as
predicted from in vitro studies of their mammalian counterparts (Hao
et al., 2005).
Skp2 is necessary for growth and maintenance of diploidy in Drosophila
Our results support a role for Cks85A in the SCFSkp2 ubiquitin
ligase. To test this possibility we sought to compare the Cks85A null
phenotype to the Skp2 null phenotype. There are no known Skp2
mutants in Drosophila. Therefore we generated a null allele of Skp2 by
imprecise excision of a P-element inserted upstream of the gene
(Fig. 6B). Skp2ex9 removes 62% of the predicted coding sequence,
including the essential F-box and 1st LRR domain, in addition to
300 bp upstream of the transcription start site; and is therefore a null
allele. Skp2ex9 has the same lethal phase as Cks85Aex15: homozygous or
hemizygous individuals die at the larval/pupal transition with no signof differentiation of adult structures (Fig. 1E). Viability of Skp2ex9 is
restored and normal-appearing adults are produced upon the
expression of UAS-HA-Skp2 under da-Gal4 control (data not shown),
demonstrating that lethality is due speciﬁcally to loss of Skp2 function.
Larval growth is reduced in Skp2ex9 (Fig. 1C), and as in the Cks85A
null mutant, this corresponds to reduced DNA replication and ﬁnal
ploidy of endoreplicating cells (Figs. 1I,J,M). ptc-Gal4 mediated
knockdown of Skp2 in the salivary gland using the UAS-RNAi line,
Skp2GD15636 (Dietzl et al., 2007) also results in reduced salivary gland
size and ploidy (Fig. 1P). Amore subtle reduction in salivary gland size
is observed with a second UAS-RNAi line, Skp2KK2101487 (data not
shown). Therefore Skp2, like Cks85A is required for growth and this at
least in part reﬂects a role in the endoreplication cycle.
To determine if Skp2, like Cks85A, is required for the maintenance
of diploidy, we examined brains and imaginal discs from Skp2 null
larvae.Wholemount and chromosome squash preparations of Skp2ex9
brains revealed polyploid cells at a low frequency (Figs. 2C,G). As in
the Cks85A mutant, polyploidy was not associated with a failure to
enter mitosis, since the mitotic index with or without colchicine
treatment was not lower than seen in wild type (Fig. 2H).
We also examined imaginal discs to determine if Skp2 is required
for the maintenance of diploidy in these tissues. Eye imaginal discs
from Skp2ex9 3rd instar larvae contain large nuclei anterior to the
morphogenetic furrow, and apparently normal nuclei posterior to the
MF (Fig. 3D). This is similar to the phenotype in Cks85A null mutants
in which polyploidy arises in dividing cells anterior to the MF but not
in differentiated cells posterior to the MF. However, the Skp2 null
phenotype is more pronounced (compare Figs. 3B,D) and is not
temperature sensitive (data not shown). Polyploidy is fully rescued by
da-Gal4 driven expression of HA-Skp2, indicating that it is speciﬁcally
due to loss of Skp2 activity (Fig. 3E).
Finally, we examined cell ploidy in Skp2ex9 wing imaginal discs by
ﬂow cytometry. This revealed a distinct peak of tetraploid cells and a
smaller population of cells of greater ploidy. Comparing ﬂies raised at
25 °C or 29 °C, the relative number of cells that are polyploid is similar
between Cks85A and Skp2. However, unlike Cks85A, Skp2 is equally
necessary at lower temperatures, and the incidence of polyploid cells
in Skp2ex9 is the same at 18 °C as it is at higher temperatures (Fig. 4B).
Flow cytometry analysis also revealed the presence of a sub-G1 cell
population in Skp2ex9 wing imaginal discs (Figs. 4A,B), possibly due to
cell death. Acridine Orange labeling of Skp2ex9 wing imaginal discs
conﬁrmed the presence of widespread cell death (Fig. 4E). The extent
of apoptosis appeared signiﬁcantly greater in the Skp2 null back-
ground than in the Cks85A null background (compare Figs. 4D,E).
To independently examine the requirements for Skp2 in main-
taining diploidy, we determined the effect of en-Gal4 mediated RNAi
knockdown of Skp2 in the developing wing. The two Skp2 RNAi lines
UAS-RNAi-Skp2GD15636 and UAS-RNAi-Skp2KK2101487 produced an in-
crease in wing hair spacing (Fig. 4K and data not shown). In
conclusion, Cks85A and Skp2 null mutants display qualitatively similar
phenotypes, though Skp2 loss results in stronger expression of these
phenotypes, particularly at lower temperatures.
Genetic evidence that the main role of Cks85A is to promote SCFSkp2
activity
The similarity between Cks85A and Skp2 loss of function
phenotypes and the observed physical association in vivo supports
the idea that Cks85A functions with Skp2 as part of the SCFSkp2
ubiquitin ligase. On the other hand, the relatively milder phenotypes
observed upon Cks85A loss may indicate that SCFSkp2 has some
activity in the absence of Cks85A. To test this possibility we ﬁrst asked
whether reducing the dose of Skp2 could enhance the Cks85A null
phenotype. If Cks85A were essential for all SCFSkp2 activity, reducing
the amount of Skp2 should not enhance the Cks85A null phenotype.
Halving Skp2 gene dose in the Cks85Aex15 homozygous background
Fig. 6. Identiﬁcation of the Drosophila Skp2. A) Sequence alignment between human Skp2 and Drosophila CG9772-PA. Blue line indicates the F-box domain and the black lines
indicate the 8 LRR domains on the human Skp2. B) Genomic organization around CG9772 (Skp2), located at cytological position 82A on chromosome 3R. Also shown are the
molecular breakpoints of Skp2ex9 and the original P-element insertion, P(EP)EY00567 fromwhich this excision line was generated. P(EP)EY00567 is homozygous viable and shows no
detectable polyploidy or growth impairment (data not shown). C) Coimmunoprecipitations from embryos with nos-Gal4 driven expression of UAS-HA-Skp2 and either UAS-Flag-
Cks85A (lane 3 and 6) or UAS-Flag-Cks30A (lane 2 and 5). Western blotting for HA (Skp2), Flag (Cks30A or Cks85A), Cdk1, Cdk2 and SkpA. Lane 2: Flag-Cks30A associates with Cdk1
but not SkpA or Skp2. Lane 3: Flag-Cks85A associates with Skp2, Cdk1 and SkpA. Lane 5: HA-Skp2 associates with Cdk1, SkpA but not with Cks30A. Lane 6: HA-Skp2 associates with
Cdk1, SkpA and Cks85A. Control IPs in lanes 1 and 3, from embryos not expressing transgenes, reveal that the anti-HA and anti-Flag beads do not bind non-speciﬁcally to any of the
proteins tested.
220 M. Ghorbani et al. / Developmental Biology 358 (2011) 213–223leads to more pronounced polyploidy (Fig. 3F — compare to Fig. 3B).
This genetic enhancement is consistent with Cks85A and Skp2 acting
in the same pathway, but with Skp2 playing a more critical role.
To extend this analysis we examined ﬂies double homozygous for
Cks85A and Skp2. If Cks85A has activity outside of the SCFSkp2 complex
we might expect that double mutants for Cks85A and Skp2 would
display a stronger phenotype than either single mutant. We found
instead that Cks85A, Skp2 double homozygous individuals displayed
the same lethal phase (data not shown) and degree of polyploidy asSkp2 single mutants (Fig. 3G — compare to Fig. 3D). Overall, these
results are consistent with a model in which Cks85A functions as part
of the SCFSkp2, but with a less critical role than Skp2 in this complex.
The relatively milder phenotype resulting from Cks85A loss can be
understood if Cks85A plays an essential role in the recognition of only a
subset of SCFSkp2 targets as has been suggested (Hao et al., 2005).
Alternatively, Cks85A could play a supporting but non-essential role in
the recognition of all or most SCFSkp2 targets. In this latter scenario we
predict that merely increasing the levels of Skp2 may compensate for
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usingUAS-HA-Skp2 and the da-Gal4 driver, in a Cks85A null background.
As described above, Cks85A null ﬂies invariably arrest at pupariation
with no sign of differentiation of adult structures (Fig. 1D). When we
overexprssed Skp2 in theCks85Anull background,ﬂies progressed to the
pharate adult stage and died during or shortly after escaping from their
pupal cases (Fig. 1F).We then asked if the overexpression of Skp2 could
also rescue the polyploidy that results from Cks85A loss. When raised at
29 °C Cks85Aex15 ﬂies display a strong polyploidy in the posterior half of
the eye imaginal disc (Fig. 3H). This polyploidy appears completely
rescued by the overexpression of HA-Skp2 (Fig. 3I). This surprising
ﬁnding, that the requirement for Cks85A can be bypassed, to a large
degree, simply by overexpressing Skp2, suggests that much of SCFSkp2
function can be performed in the absence of Cks85A.Loss of SCFSkp2 function results in growth impairment and polyploidy,
independent of p27 and Cdt1 accumulation
Skp2 or Cks1 knockout in the mouse leads to the over-accumula-
tion of p27 (Nakayama et al., 2000; Spruck et al., 2001), and genetic
evidence suggests that in the Skp2 knockout, high levels of p27 are at
least partially responsible for the polyploidy that is observed
(Nakayama et al., 2004). To directly test the possibility that Cks85A
and Skp2 target p27 for destruction in Drosophila we examined levels
of Dacapo (Dap), the Drosophila p27 homologue (de Nooij et al., 1996;
Lane et al., 1996) in wild type, Skp2ex9 and Cks85Aex15. Dap levels are
not affected in whole larvae (Fig. 7A), while in isolated mitotic tissues
(combined brains and imaginal discs) Dap levels were actually
reduced in Cks85Aex15 and more so in Skp2ex9 (Fig. 7B). Therefore,
Cks85 and Skp2 loss results in polyploidy and reduced growth by a
mechanism that does not involve the overaccumulation of p27/Dap.
While p27 is the only SCFSkp2 target for which Cks has been found
to play an essential role, SCFSkp2 has a number of other targets that
may contribute to the polyploidy observed in Skp2 null animals. Cdt1
(Double parked or Dup in Drosophila) is a particularly attractive
candidate as it is a key component of the pre-replication complex and
SCFSkp2 has been shown to mediate in the destruction of Cdt1 in
culturedmammalian cells (Li et al., 2003). To determine if Cks85A and
Skp2 are necessary for the targeted destruction of Drosophila Cdt1/
Dup we examined levels of Dup in whole larvae and in mitotic tissues
fromwild type, Cks85A and Skp2 null animals.We found no increase in
Dup levels in either whole larvae (Fig. 7C), or in mitotic tissues
(Fig. 7D). Therefore Cks85A and Skp2 are not required to maintain
overall Dup levels.Fig. 7. Known SCFSkp2 targets are not affected in Drosophila Cks85A or Skp2mutants. A,
B) Western blots on extracts from whole 3rd instar larvae (A), and mitotic tissues
(brains and imaginal discs) from 3rd instar larvae (B) probed for p27/Dap. Dap runs as a
doublet at approximately 27 kDa. Dap levels are not elevated in mutants for Cks85A or
Skp2. C,D) Western blots on extracts from whole feeding 3rd instar larvae (C), and
mitotic tissues from feeding 3rd instar larvae (D). Dup migrates as 105/106 kDa bands
in wild type mitotic tissues. An 80 kDa band (not shown) of unknown origin is variably
enriched in Cks85A and Skp2 null mutants. However, separate experiments with a myc-
dup transgene fail to detect a corresponding band in wild type or Skp2 null background
(data not shown). Asterisk indicates a non-speciﬁc band in Dup Westerns.To independently test if an overaccumulation of Dap or Dup
contributes to the Cks85A null phenotype we asked if genetically
lowering the overall levels of dap or dup could suppress Cks85Aex15.
We found no such suppression in ﬂies heterozygous for dap1 or in ﬂies
homozygous for the hypomorphic dupPA77 allele (data not shown).
While the failure to detect a genetic interaction cannot be given as
strong evidence, it further supports the idea that SCFSkp2 has targets
other than p27 and Cdt1 that are important for controlling cell ploidy.
Discussion
Cks85A-SCFSkp2 maintains genomic stability in Drosophila
Cks1 and Skp2 have emerged in recent years as important
oncogenes and potential therapeutic targets for cancer treatment.
Both genes are overexpressed in a wide spectrum of cancers and in
many cases their expression levels are predictive of outcomes
(reviewed in Hershko, 2008). The increased expression of Cks1 and
Skp2 in tumors has been correlated with decreases in levels of the
tumor suppressor, p27, suggesting that the major oncogenic activity
of Cks1 and Skp2 corresponds to their role in p27 destruction. Our
characterization of the Drosophila Cks1 (Cks85A) and Skp2 leads us to
conclude that Cks and Skp2 may have more complicated roles in the
cell cycle and in cancer progression. First we ﬁnd that Drosophila
Cks85A and Skp2 control growth independent of any effect on p27
levels. Second, we ﬁnd that Cks85A and Skp2 have potential tumor
suppressive roles, being required for the maintenance of genomic
stability.
Loss of either Cks85A or Skp2 in Drosophila results in polyploidy.
Flow cytometry analysis reveals up to 35% of cells being polyploid
(depending on genotype and temperature). Of these, the vastmajority
appear to be tetraploid, with much lower frequency of cells with
greater than 8n DNA content. A similar conclusion can be reached
from chromosome squashes of larval brains. While tetraploidymay be
more prevalent than higher ploidies, this conclusion has to be
somewhat qualiﬁed. Based on the appearance of nuclei in whole
mount preparations, the ploidy level of cells in wing imaginal discs
seems much less than in eye imaginal discs or brains. While we did
not quantitate the degree of polyploidy in eye imaginal discs we note
that most nuclei posterior to the MF appear larger than those anterior
to the MF, suggesting that the majority of these undifferentiated
cells are polyploid. Also, the size of nuclei posterior to the MF varies
considerably dependent on genotype and temperature. Presumably
the larger nuclei represent cells of greater than tetraploid DNA
content. Chromosome squashes on the other hand, could also lead to
an underestimate of both the frequency and degree of polyploidy, as
only cells that are in mitosis are examined for ploidy. If mutant cells
bypass mitosis and undergo endoreplication cycles they will not be
identiﬁed by this method.
Cks85A and Skp2 appear to be required in multiple cell types to
maintain diploidy, but interestingly the requirement for these genes is
limited to late in development. In the case of Cks85A this is clearly not
due tomaternal rescue, as demonstrated by the ﬁnding that loss of the
maternal contribution of Cks85A does not result in an earlier onset or
more severe polyploidy (Fig. 5). Similar experiments could not be
performed with Skp2 as the centromere-proximal location of the Skp2
gene precludes the use of mitotic recombination to generate germline
clones.
The distinctive phenotype observed in the eye imaginal disc also
suggests a speciﬁcally late requirement for Cks85A and Skp2. During
the 3rd instar, a morphogenic furrow passes from posterior to anterior
of the eye imaginal disc and cells stop dividing and differentiate in its
wake. Eye discs from Cks85A and Skp2 null wandering 3rd instar
larvae show clear polyploidy only in mitotically active, undifferen-
tiated cells anterior to the furrow. The simplest interpretation is that
polyploidy only arises in mitotically active cells and only late in
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transition from polyploid cells anterior to the furrow, to apparently
diploid cells posterior to the furrow (e.g. Fig. 3F). Assuming that the
MF is continually moving in these mutants we might expect more of a
gradient of polyploidy that extends posterior to the MF. Perhaps MF
progression is also affected in these mutants, or alternatively,
polyploid cells posterior to the MF are eliminated via apoptosis.
In addition to causing polyploidy, the loss of Cks85A or Skp2
results in a high frequency of apoptosis. Genomic instability often
leads to the activation of checkpoint pathways that trigger apoptosis
(Storchova and Pellman, 2004). Further study will be necessary to
determine if apoptosis in Cks85A and Skp2 is a result of such a
checkpoint dependent response to anneuploidy.
A role for Skp2 and Cks85A in maintaining diploidy appears to be
conserved from Drosophila to vertebrates, but how they perform this
function may not be conserved. There is, in fact, little consensus on
how Cks1 and Skp2 maintain diploidy in mammalian cells. Cks1 has
been implicated in a redundant role with Cks2 in promoting Cdk1 and
cyclin transcription and entry into mitosis (Martinsson-Ahlzen et al.,
2008). Knockdown of both Cks1 and Cks2 results in failure to enter
mitosis and consequent re-replication. By a completely different
mechanism, Skp2 (and by inference, Cks1) are implicated in
promoting mitotic entry by regulating p27 levels (Nakayama et al.,
2004). Neither model ﬁts well with what we know so far about
Drosophila Cks85A and Skp2. Contrary to predictions of both models,
we do not observe a failure to entermitosis in Skp2 or Cks85A null cells
(Fig. 2). With respect to the latter model, p27 levels are not elevated
upon Cks85A or Skp2 knockout in Drosophila. Furthermore, p27/Dap
only binds and inhibits Cdk2, not the mitotic Cdk1 (Lane et al., 1996),
and it is therefore difﬁcult to imagine how excess p27 could disrupt
mitosis in Drosophila.
Skp2, but as yet not Cks1, has been implicated in a completely
different pathway tomaintain diploidy— preventing re-replication by
promoting Cdt1 degradation (Li et al., 2003). Again our results do not
support a similar model for Drosophila Skp2 (or Cks85A), as Cdt1/Dup
levels are not elevated in either Skp2 or Cks85A null cells (Fig. 7). The
control of re-replication in different cell types has been found to vary
greatly and to involve multiple mechanisms (Arias andWalter, 2007).
It is therefore possible that Drosophila Cks85A and Skp2 are indeed
involved in preventing re-replication but that they target pre-
replication factors other than Cdt1.
Cks85A as a co-receptor in the SCFSkp2 complex
Regardless of how Cks85A and Skp2 maintain diploidy, our
ﬁndings strongly support a model in which they function together
in this capacity. Cks85A and Skp2 null mutants are similar, with Skp2
having the more severe phenotypes. This and the fact that double
mutants appear similar to Skp2 alone (Fig. 3), argue that Cks85A has
little additional function outside its role with Skp2. This possibility is
more dramatically illustrated by the ﬁnding that the lethality and
polyploidy of Cks85A null mutants can be at least partially overcome
by over-expressing Skp2 (Fig. 3). Therefore, Cks85A has little or no
essential functions outside of the SCFSkp2 complex.
It is also interesting that polyploidy resulting from loss of Cks85A is
relatively low at 18 °C but is similar to that of Skp2 null mutants at
higher temperatures (Fig. 4). This may simply reﬂect a need for
stronger interactions between substrate and SCF complex at higher
temperatures, and if so it implies that Cks85A functions essentially to
increase the efﬁciency of SCFSkp2–substrate interactions. This may be
analogous to the role of Cks2 in mitosis (Patra and Dunphy, 1998),
where it is proposed to link its associated Cdk to speciﬁc substrates,
thereby increasing the efﬁciency of substrate phosphorylation.
While SCFSkp2 has numerous putative in vivo substrates, little is
known about the role of Cks1, if any, in the recognition of these. The
exception is p27, for which Cks1 appears to be absolutely essential(Ganoth et al., 2001; Hao et al., 2005; Spruck et al., 2001). Our results
argue that in Drosophila and perhaps in other organisms, Cks85A
plays a more general role in the recognition of substrates by SCFSkp2,
and that the absolute requirement for mammalian Cks1 in p27
recognition may be the exception. To date we do not have a clear idea
of what these targets are in Drosophila and it will clearly be of great
interest to identify these and to determine if these are conserved.
Distinct roles for Cks85A-SCFSkp2 in promoting and preventing DNA
replication
The endoreplication cycle, in which cells undergo repeated rounds
of DNA replication without intervening mitosis represents a unique
variation on the normal mitotic cell cycle and an excellent system for
examining growth control and S-phase control in the absence of
mitosis. We found that Cks85A and Skp2 are necessary for growth in
endoreplicating tissues and that this requirement appears to reﬂect a
role in the endoreplication cycle (Fig. 1). It seems contradictory that
Cks85A and Skp2 are necessary for achieving polyploidy in endor-
eplicating cells while they are necessary for preventing polyploidy in
diploid cells. This could reﬂect two distinct roles for Cks85A and Skp2.
Cks85A and Skp2 interact with both Cdk1 and Cdk2 (Fig. 6) and it is
possible that interaction with each Cdk confers different functions on
the SCFSkp2 complex. In mitotic cells, Cks85A and Skp2 may interact
with the mitotic Cdk1 to prevent DNA re-replication. Loss of Cdk1 and
cyclin A in Drosophila results in apparent polyploidy (Hayashi, 1996;
Sigrist and Lehner, 1997;Weigmann et al., 1997) and it is intriguing to
speculate that this reﬂects a functional interaction with SCFSkp2. In
endoreplicating tissues, where Cdk1 is not expressed (Zielke et al.,
2008), Cks85A and Skp2 may instead interact with Cdk2 to promote S
phase. We note that Cks85A and Skp2 may be necessary for growth in
mitotic tissues (Fig. 2) and thismay also reﬂect a Cdk2-dependent role
in S phase of the canonical cell cycle. Cks85A and Skp2 may therefore
interact with Cdk2 to promote DNA replication in S-phase, and
interact with Cdk1 following S phase to prevent DNA re-replication. It
is not yet clear how Cdk association with SCFSkp2 might contribute to
its function. SCFSkp2 speciﬁcally targets phospho-proteins (Nakayama
and Nakayama, 2006) and therefore, association with Cdks may allow
efﬁcient coordination between the phosphorylation and ubiquitina-
tion of substrates. Alternatively, Cdks could play a non-catalytic,
recruitment role. It has been proposed that Cdk2 helps to recruit
associated p27 to the SCFSkp2 (Xu et al., 2007) while Cdk1 may recruit
cyclin A to the APC for ubiquitination (Wolthuis et al., 2008).
Drosophila Cks proteins have distinct functions
The Cks proteins are all closely related at the sequence level and
share common Cdk-interacting and phospho-epitope binding do-
mains. Cks genes from humans can replace their budding yeast
counterpart (Richardson et al., 1990), illustrating the remarkable
functional conservation of these proteins. In metazoans, in which
there are two Cks genes, there is also evidence of functional
conservation between the two homologues: in mice, ectopic expres-
sion of Cks1 can functionally rescue meiotic defects resulting from the
loss of Cks2 (Donovan and Reed, 2003), while mammalian Cks1 and
Cks2 appear to function redundantly to promote mitosis (Martinsson-
Ahlzen et al., 2008).
In contrast, the two Drosophila Cks proteins appear to have distinct
and non-overlapping functions. Cks30A is required for spindle
assembly and anaphase progression in female meiosis but has no
essential function in mitotic cells (Pearson et al., 2005; Swan et al.,
2005). Cks30A appears to be the functional equivalent of Xenopus Xe-
p9, mouse Cks2 and C. elegans Cks1 — all of which have speciﬁc
requirements in meiosis (Patra and Dunphy, 1996; Polinko and
Strome, 2000; Spruck et al., 2003).We previously showed that Cks85A
cannot functionally replace Cks30A in promoting APC activity in
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cannot functionally replace Cks85A in the SCFSkp2. In fact Cks30A
appears to act antagonistically to Cks85A (Fig. 5). The failure of
Cks30A to functionally replace Cks85A could easily be attributed to its
inability to interact with Skp2 (Fig. 6). The apparent antagonistic
behavior is more difﬁcult to explain. Cks30A promotes the APC-
dependent destruction of mitotic cyclins (Swan and Schupbach,
2007). Therefore we speculate that Cks30A antagonizes SCFSkp2
function through its effect on associated cyclins. Again, this model
hinges on the assumption that cyclin-Cdk association with SCFSkp2 is
important for its in vivo activity, a possibility that clearly needs to be
tested experimentally.
In conclusion we ﬁnd that the two closely related Cks genes in
Drosophila are functionally distinct and that Cks85A acts mainly or
perhaps exclusively as a part of the SCFSkp2 complex. We demonstrate
that SCFSkp2 has essential roles in the maintenance of diploidy and in
promoting growth. It is therefore possible that the human ortholo-
gues, Cks1 and Skp2 possess both tumor promoting and tumor
suppressing functions.
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